
10 

Effect  of Gas Compoeitior, on Com rezsion S e n s i t i v i t g  
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The i g n i t i o n  of l i q u i d  explosives and p rope l l an t s  by the 
rapid compressioc o f  gas bubbles has been studied extensively both 
because of s c i e n t i f i c  i n t e r e s t  and because o f  immediate needs f o r  
devising sa fe  operat ing procedures and f o r  estimating t h e  sensi-  
t i v i t y  of new ma te r i a l s  (1,2,3,4,5)(3). Two exploEions of tank 
c a r s  o f  nitromethane t h a t  might have been i n i t i a t e d  by this  mechanism 
have occcrred i n  recent  yea r s ,  a s  have a number or" smaller  accidental  
explosions i n  t h e  testing of experimental propellafits. 

Nature of the I g n i t i o n  Process 

I n  the s impl i f i ed  model of the i g n i t i o n  of a l i q u i d  explo- 
s i v e  by ad iaba t i c  compression of an entrapped gas bubble, t he  tem- 
werature i s  considered t o  increase,  during compression according t o  - 
t h e  r e l a t i o n :  

$0 = 
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When a s u f f i c i e n t l y  high temperatLre is  reached i n  t h e  gas ,  it i s  
postulated t h a t  i g n i t i o n  o f  explosive vapor i n  t h e  bubble occurs,  
f u r t h e r  1)aising t h e  temperature a t  ar, exponent ia l ly  inc reas ing  ra te .  
A t  t h i s  s tage t h e  process becomes self-sustaining through the  eva- 
porat ion and r eac t ion  of  f r e s h  mater ia l  surrounding t h e  heated 
region. 

Ar, exact  ana lys i s  of t h e  process camot  t e  made because of 
u n c e r t a i n t i e s  about the exchange o f  heat snd m h s s  between the  l i q u i 2  
and gas and t h e  cocfigurat ion of the l iquid-gas i n t e r f a c e  during 
compression. 1 

From t h e  assumptions of a d i a b a t i c i t y  and a c h a r a c t e r i s t i c  
minimum i e n i t i o c  temperature i n  tb-e compressed bubble, it follows 
t h a t  t h e  ecergy required f o r  i g n i t i o n  i s  r e l a t e d  t o  the i n i t i a l  
conditions i n  t h e  bubble by t h e  e q r e s s i o n  f o r  compressive work i n  
an ad iaba t i c  non-flow process: 

Changes i n  t h e  gas s p e c i f i c  heat r a t i o , x  , should t l e r e f o r e  
a f f e c t  t he  niinimum i g n i t i o n  energy i n  inverse r a t i o  t o  (r-I). A l s o ,  
the  minimum ign i t io r ,  energy should be proport ional  t o  t h e  i n i t i a l  
bubble volume. 

Experimental Procedcre 

The equipment and oFerating procedilre have been described i n  
d e t a i l  previously(2,5) .  

The sample, conslstir_g of a bubble i n  contact  with l i q u i d ,  
i s  cornpressed by a gas driven pis ton.  The sample chamber i s  one- 
h a l f  inch i n  diameter,  with a t o t a l  volume of about 1.5 ml. It i s  
sealed with e i t h e r  a s t e e l  o r  aluminum bur s t  d i s c  tha t  can contain 
s t a t i c  pressures  above 20,000 p s i .  

bubble volumes, 0.2, 0.4, and 0.8 m l .  A r eve r sa l  procedure was used 
t o  estimate minimum i g n i t i o n  ecergy a t  each bubble volume, f i r s t  
determining an approximate range, i n  terms of d r iv ing  p res su re ,  and 
then proceeding t o  vary dr iving pressure i n  s m a l l  even increments 
up or down, depending on whether t h e  preceding r e s u l t  w a s  p o s i t i v e  
or negative. Usually each r eve r sa l  s e r i e s  included a t  l e a s t  six 
t e s t s .  

s i o n  i n  terms of t he  physical p rope r t i e s  of the equipment, corrected 
by an empirical  f a c t o r  obtained f rom d i r e c t  measurements of p i s ton  
ve loc i ty .  The accuracy o f  t h e  energy estimate i s  about f 15%. 

1 

A l l  combinations of l iquid and gas were t e s t e d  a t  l e a s t  t h ree  

The energy of t he  p i s ton  i s  calculated by a derived expres- 
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To put gases o the r  than a i r  i n  the  chamber, t h e  a rea  around 
the open sample chamber w a s  loose ly  covered with a c l e a r  p l a s t i c  
cone with the  point  cu t  o f f .  Purge gas  entered through the  s ide  of 
the  cone. Liquid sample w a s  pu t  i n  through t h e  open end. The 
b u r s t  d isc  was then  dropped i n  place,  t h e  cone removed, and the  
d i s c  r e t a i n e r  bo l ted  down. 

To load a sample cons is t ing  of l i q u i d  and i t s  own vapor,  
the p i s t o n  was r e t r a c t e d  far enough s o  t h a t  t he  chamber volume was 
equal t o  the des i red  amount of l i qu id .  The chamber w a s  then  sealed 
with a b u r s t  d i s c  and t h e  p i s t o n  r e t r a c t e d  ful ly ,  leaving a vapor 
space of known volume above the  l i qu id .  

- Test Resul t s  

Minimum i g n i t i o n  energies  were determined f o r  nitromethane 
with bubbles o f  a i r ,  oxygen, n i t rogen ,  argon and carbon dioxide.  
Samples could not be made t o  i g n i t e  i n  t h e  presence of nitromethane 
vapor alone. Resul ts  a r e  shown i n  Table 1 i n  terms of minimum ig- 
n i t i o n  energy per  un i t  bubble volume, i n  kg-cm/ml. This w 2 s  found 
t o  be constant f o r  each l iquid-gas  volume combination, within l i m i t s  
o f  experimental e r r o r ,  with two exceptions out  of a t o t a l  o f  seven- 
t een  t e s t  groups. 

corresponds t o  a minimum temperature f o r  i g n i t i o n  i n  the  coEpressed 
bubble, minimum i g n i t i o n  energies  were ca l cu la t ed  f o r  the  o the r  
bubble gases  by Eq.(2), and a r e  a l s o  shown i n  Table I. 

t he  i n e r t  gases is  nea r ly  wi th in  the l i m i t s  of experimental accuracy. 

vapor i n  the  bubble can be  explained on t h e  b a s i s  of rap id  conden- 
s a t i o n  of the vapor i n  t h e  l i qu id  during compression. 

Assuming t h a t  t h e  minimum i g n i t i o n  energy f o r  argon t r u l y  

The agreement between the observed and ca lcu la ted  values  f o r  

The i n a b i l i t y  t o  i g n i t e  t h e  sample with only nitromethane 

Oxygen has  a s t rong  s e n s i t i z i n g  e f f e c t ,  as shown by r e s u l t s  
with air and pure oxygen. The e f f e c t  apparent ly  reaches a maximum 
a t  some concentrat ion below t h a t  of atmospheric a i r .  This r e s u l t ,  
toge ther  with the  observed e f f e c t  o f  s p e c i f i c  hea t  r a t i o  w i t h  the  
i n e r t  gases ,  s t rongly  i n d i c z t e s  t h a t  t he  i g n i t i o n  of nitromethane, 
and p reswab ly  o ther  C-H-0-N compounds, can s t a r t  i n  the vapor 
phase by reac t ion  with gaseous oxygen. 

.A r e l a t ed  e f f e c t  of oxygen concent ra t ion  on t h e  s e n s i t i v i t y  
of s o l i d  double-base p rope l l an t s  t o  i g n i t i o n  by detonat ing gas mix- 
tures w a s  found by Cook(3), s o  t h e  p o s s i b i l i t y  of reac t ion  of t h e  
condehsed phase sur face  with t h e  gaseous oxid izer  has been amply 
demonstrated. 

! 

'! 
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The ign i t ion  temperatures ca l cu la t ed  on t h e  basis of an 
ad iaba t i c  process appear somewhat high f o r  t h e  i n e r t  gases ,  but  
reasonable f o r  a i r  and oxygen. 

To ge t  comparable da t a  on a material q u a l i t a t i v e l y  d i f f e r -  
en t  i n  physlcal  and chemical p rope r t i e s  from nitromethane, t e s t s  
were made on a n i t r i c  ac id  composite very s imi l a r  t o  a Sprengel- 
type explosive.  The vapor above the  l i q u i d  i s  non-explosive a t  
ordinary temperatures,  s ince  t h e  vapor pressure  of t h e  f u e l  com- 
ponent is negl ig ib le .  

dioxide,  and n i t r i c  ac id  vapor. Resul t s  a r e  shown i n  Table 2. 

t a ined  cons i s t en t ly ,  and t h a t  t h e  energS required w a s  not par t icu-  
l a r l y  large.  

o r  a i r  were detected.  Carbon dioxide a f f ec t ed  s e n s i t i v i t y  measur- 
ab ly ,  although t o  a l e s s e r  ex ten t  than  predicted.  Calculated adia- 
b a t i c  i gn i t i on  temperatures do not  appeer unreasonzbly high com- 
pared t o  those f o r  nitromethane, but  they  lack quan t i t a t ive  s i g -  
n i f icance  because of t he  necess i ty  f o r  hea t  t r a n s f e r  i n  the  ign i -  
t i o n  process.  The only ava i lzb le  explanat ions fo r  i g n i t i o n  under 
these  condi t ions a r e  t h a t  the l i qu id  got  bot  enough t o  r eac t  o r  
t h a t  f u e l  was t r ans fe r r ed  t o  t h e  vapor phase by non-equilibrium 
evaporation. 

Gases used i n  t h e  t e s t s  were a i r , ,  n i t rogen ,  argon, carbon 

. The most s ign i f i can t  r e s u l t  i s  thaz i g n i t i o n  could be ob- 

No d i f fe rences  i n  energy input  between argon and nitroger! 

Evans and Yui l l (6)  have observed s i m i l a r  order ing o f  cal-  
cu la ted  temperatures i n  t h e  i g n i t i o n  of n i t rog lyce r ine  and PETN 
by compression of oq-gen, air, ni t rogen  and argon, with the  d i f -  
ference t h a t  t h e  s e n s i t i v i t y  of PETN i s  increased markedly i n  the  
presence of pure oxygen. The same authors  r epor t  a l s o  the  igni-  
t i o n  of a number o f  s o l i d  explosives  t h a t  have neg l ig ib l e  vapor 
pressure.  

l i q u i d  reach some minimum temperature,  t h i s  would l a r g e l y  account 
f o r  t h e  observat ion t h a t  the  energy input  required i s  only s l i g h t l y  
a f f ec t ed  by the  s p e c i f i c  hea t  r a t i o  of t he  gas .  

The t o t a l  energy input  i n  m o s t  of t he  t e s t s  descr ibed here  
is enough t o  evaporate a few mill igrams of explosive;  t h e  mass o f  
gas i n  the bubble is about one mill igram. Some evaporation of t h e  
sample i s  thus poss ib le  during compression, and t h i s  wccld f u r t h e r  
tend t o  diminish the  e f f e c t  of gas  s p e c i f i c  hea t  on minimum igni-  
t i o n  energy. 

Conclusions 

Bubble gas composition has  a pronounced e f f e c t  on compres- 
s i o n  s e n s i t i v i t y ,  even of  l i q u i d s  having non-explosive vapor under 
ordinary conditions.  

I f  t he  requirement f o r  i g n i t i o n  i s  t h a t  a sur face  layer  o f  
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Oxygen, i n  atmospheric concentrat ion axd g r e e t e r ,  has  a 
s t rong  sens i t i z ing  e f f e c t  on nitromethane and the re fo re  probably 
on o ther  C-H-0-N prope l l an t s  and explosives.  This observat ion,  
and t h e  observation t k a t  minimum i g n i t i o n  energy can be cor re la ted  
with gas  spec i f i c  hea t  r a t i o ,  s t rongly ind ica te  t h a t  i g n i t i o n  of 
nitromethane a d  o the r  v o l a t i l e  mater ia ls  s t a r t s  i n  the  v z p o r  
phase, by r eac t ion  wi th  oxygen i f  it i s  preeent.  

explosive vapor can be i g n i t e d ,  hea t  t r a n s f e r ,  poss ib ly  accompanied 
by mass t r a n s f e r ,  can take  place across  the gas- l iquid i n t e r f a c e  at, 
a s ign i f i can t  r a t e  during compreesior. 

a r e  r eac t ion  i n  t h e  gas  phase, r eac t ion  a t  t he  sur face  with t h e  gas 
phase, and r eac t ion  a t  t h e  surface of the  condersed phase caused 
by hea t  t r a n s f e r  from the  compressed gas phase. There i s  a l s o  the  
p o s s i b i l i t y  of mass t r a n s f e r  from t h e  cofidensed phase t o  t h e  gas  
phase, followed by r eac t ion  i n  the  gas phase, although t h i s  i s  not 
a p re requ i s i t e  f o r  i g n i t i o n .  The n a t m e  of both t h e  gas end t h e  
condensed phase determine which e f f e c t  o r  combination of  e f f e c t s  
w i l l  predominate i n  m y  giver, i g n i t i o n  process.  

The hazard o f  acc ide r t a l  i g n i t i o n  of l i q u i d  e q l o s i v e s  in i -  
t i a t e d  by the mechanism o f  rapid compression can be reduced by con- 
t r o l  of the composition o f  gas i n  contact with the  l i qu id .  Desen- 
s i t i z e r s  shoLld have high vapor pressure and s p e c i f i c  h e a t ,  should 
be miscible  t o  some ex ten t  with the  l i q u i d ,  and should be  chemically 
i n e r t  toward t h e  l i q u i d .  

Nomenclature 

Since ma te r i a l s  t h a t  under ordinary condi t ions have a pon- 

A t  l e a s t  t h r e e  f a c t o r s  can coc t r ibu te  t o  ign i t i on .  These 

T = temperature 

P = pressure  

I =  s p e c i f i c  bea t  r a t i o  

W = energy input  t o  sample 

v = bubble volume 

Subscripts  

1 

" I  
1 

i 

1 

i = minirnum'required f o r  i g n i t i o n  

o = i n i t i a l  condi t ion 
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